There is firm experimental and theoretical justification for expecting that solution theories, in this case regular solution theory, can bc applied in a semi-empirical manner to qucstions of biological interest. This background is outlined and one of the possible models resulting from the use of regular solution thcory is applied to the analysis of crythrocyte haemolysis. Suggestive cvidence arising from correlations of n-octanol-water partition coefficients with parameters appropriate to this approach tends to indicate that regular solution theory may apply to a wider variety of biological systems than has previously been thought.
INTRODUCTION
Solubility-related phenomena are pervasive throughout the pharmaceutical and pharmacological literature. Among the areas where aspects of solution behaviour arise arc (a) in the design of liquid dosage forms; (b) in considerations ofthe influence of carrier vehicles on the biological absorption or response ofa drug entity; (c) in accounting for the penetrability ofmolecular species into or through biological tissues; and, ( d) in rationalizing physicochemical influences on relative biological responses. As a more specialized component of the latter category one might also include certain factors, such as hydrophobic bonding, which relate to drug-biomacromolecule interactions. Underscoring Iiterature accounts within each of these areas is the frequcncy with which simple oil-water partition coefficients are found to parallel test results obtained with biological systems. Hansch and his associates 1 -3 have extensively exploited the ubiquitous occurrence of this correlation and have established statistical analyses that make use of n-octanol-water partition coefficients as a useful tool in the design of dnig molecules or in the study of enzyme reactions. Less frequently have efforts been made to apply a theory of solution, such as regular solution theory 4 • 5 , 495 to these same types of systems. Such work as has been reported has been sporadic 6 -10 although in some instances 11 -19 promising results have been obtained with commerical pharmaceuticals.
There are a variety ofreasons why one might prefer to make use of empirical or extrathermodynamic relations involving partition coefficients rather than relations based on a solution theory in the study of pharmaceutical or pharmacological systems: (a) empirical parameters ordinarily provide better 'fits' with biological data than do theoretically-based indexes 20 ;
(b) partition coefficients are approximately additive--constitutive, thus enabling the estimation of values appropriate to additional compounds 2 1 ; (c) there are few thcoretical constraints associated with the application of partition coefficients to interpretations of biological data as distribution processes involving an organic or lipophilic phase and an aqueous phase are linearly interrelated 22 . On the other band, several valid reasons can also be given for desiring to take a more fundamentally based approacp: (a) seemingly disparate experimentalobservationssuch as carrier vehicle influences on biological activity, isotonicity, and passive membrane transport are readily understood as involving a common physicochemical component; (b) the 'distribution system' is the biological assay object itself; thus, adjustable parameters within a theoretical framework have significance in relation to the actual test system; (c) based on a theoretical rationale it is sometimes possible to design independent types of assay for substantiation of a mechanistic hypothesis; (d) disagreement with thcoretically-based relationships frequently are readily interpretable as providing information which is either intrinsic to the chemical nature of the compounds under consideration or is specific to biological processes; (e) in the realm of drug design, there is a potential for estimating optimum solu bility characteristics without the necessity for an extensive set of test compounds and there is also afforded a possible route to the design of tissue-specific agents.
As should be evident from this brief introduction, the possible scope of application of a solution theory, in this instance regular solution theory, to biological systems is extremely broad. What we hope to do by this presentation is to report on our very preliminary findings which tend to indicate that regular solution theory might have a much more promising futurein application to biological systems than has previously been thought. We do not claim our present interpretations to be immutable. Rather we anticipate that clarifications and refinements will be made in establishing a modification of regular solution theory that is appropriate to questions of biological interest.
HISTORICAL FOUNDATIONS
Virtually all efforts to relate biological activity with physically-based indexes stem from Observations of a relationship between narcotic potency and water solubility 23 . Later, independent investigations led Overton 24 and Meyer 25 to the finding of a correlation between narcotic potency and partition coefficient from which it was surmised that the relative effectiveness of anaesthetic compounds was due to their distribution between biological Iipids and water. This observation was extended to the penetration of 496 molecular species through membranes by Collander 26 and has reached fruition with the work of Hansch and his coworkers 1 -3 . Meyer had a son, and it is from this Meyer's efforts that a basis for quantitative work with biological systems is derived. He showed 27 that despite the apparent trend in narcotic potency with partition coefficient, the equilibrium concentration of the drug in the organic phase of the model distribution system was effectively a constant. From this it was concluded that narcosis commences when any chemically indifferent substance has attained a certain molar concentration in the Iipids of cells. It was also noted that this specific concentration depends on the nature of the animal or cell but is independent ofthe narcotic selected. More recent work by Rothand Seeman 30 and it isthisrationale which provides a foundation for applying solution theories to the interpretation of biological data. Ferguson points out that under equilibrium condi~ tions the chemical potential for a compound in the assay medium, fla• should equal the chemical potential ofthe compound in the biophase, Jlb' irrespective of the nature of the biophase. Necessarily, then,
where 11~ is a reference chemical potential for the drug in some standard state, and ab is the thermodynamic activity ofthe drug under the experimental conditions. For perfect solutions ab ~ C, the concentration measure, and hence the concentration of a substance accumulated in a common biophase is expected to be a constant and this value should be independent of the nature of the drug. If this rationale is correct, then the converse of equation 1 should also hold,
That is, drug activities assayed using a specific biological test system and measured to an equivalent endpoint in terms of molar concentrations or partial pressurcs should provide a constant value when these conccntration measures are converted to thermodynamic activities. This has been found tobe the case for a variety ofbiological assays where the test compounds are either in solution 30 -34 or in a gaseaus state 30 • 35 • 36 . Table 2 presents an 
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where Pt is the toxic partial pressure and p 0 is the vapour pressure of the pure liquid. With solutions the thermodynamic activities are estimated 30 as the ratio StfS 0 of the molar concentration of the test solution St to the solubility S 0 of the drug.
MODELS FOR THE ANALYSIS OF BIOLOGICAL ACTIVITIES
From Ferguson's rationale it is evident that there are two alternative but equivalent expressions that can serve as a basis for the analysis of drug response A. These are (a) the distribution model suggested by Overton and Meyer
and (b) the phase saturation model advanced by Meyer's son
The subscript is omitted from equation 5 as this relation may apply to either phase. Under the assumption that solubility-related phenomena account primarily for variations in many types of drug responses, equations 4 and 5 may be used to introduce parameterizations appropriate to a solution theory. This is usually done by including an appropriate expression for the thermodynamic activity coefficient y.
Taking equation 4 as a starting point, and choosing a standard state such that tl~ = ,u~ (e.g., pure drug), it is readily shown that A = log (Sb/SJ = log Ya -log yh (6) where Sb and Sa aremolar concentrations and yb and Ya are thermodynamic activity coefficients for the drug in the biophase and the assay medium, respectively. For the same choice of standard state, equation 5 would become (7) in which Sh can be taken to be constant for a particular type of biophase.
FORMULATION IN TERMS OF REGULAR SOLUTION THEORY
A regular solution may be defined phenomenologically as having a positive heat of mixing, !J.HM, and an entropy of mixing given by ASM = -R In X 1 , ·where X 1 is the male fraction of solvent. For such solutions, Bildebrand and Scott 4 • 5 have shown that deviations from Raoult's Law can be accounted for in many instances by expressing the thermodynamic activity coefficient as (8) in which V 2 is the molal volume of solute, <1> 1 is the volume fraction of solvent, and <\, b 2 are the 'internal pressures' of the solvent and solute respectively.
The 'internal pressure' or 'solu bility parameter' b is given strictly by the 499 ratio of the energy of vaporization to the molar volume of a pure substance c5 = (öEvfV)t = (öEv vyt I V = F/V (9) but in many practical applications it may be estimated by making use of the approximate additive-constitutive nature of the molar attraction constant F 37 • 38 or by calculation from molecular polarizability 39 . Swelling, solubility and related measurements may also be made in order to estimate c5 4 .
In dilute solutions <fJ 1 ~ 1 and if this condition applies to each of the distribution phases of a biological test system the substitution of equation 8 into equations 6 and 7 yields, respectively, the relationships
where c5 is the solubility parameter for drug and c5P, c5n are apparent solubility parameters for the phases of the assay system. Multicomponent phases have their solubility parameter expressed in terms of the solubility parameters for the individual components by the relationship
so that the apparent solubility parameters in equations 10 and 11 may be interpreted in terms of the components making up the assay medium or the biophases. ~ and ~ are molal volumes appropriate to the drug in each phase. To an additional degree of approximation these may be considered essentially constant for a given series of drug molecules. Hence, equations 10 and 11 could be used, if desired, as model equations in a regression analysis such as is done by Hansch and bis associates 1 -3 . In a later section this type of approach is followed.
One advantage of having interpreted Ferguson's relationships in terms of regular solution theory is that a parabolic relationship between drug activity and drug solubility is a natural consequence of the theory. Such parabolic relationships are frequently observed and with extrathermodynamic types of approaches 1 -3 bad to be taken into account by virtue of a statistical expedient, i.e., the essentially arbitrary introduction of higher-powered (squared) terms into the model equation. With biological systems a variety of alternative possibilities exist that could also Iead to a parabolic curve, but for the present it will be assumed that solubility alone Ieads tothistype of curve.
A second advantage, pointed out by Mullins 6 , isthat optimum solubility in a particular phase is achieved when the c5 values for the drug and the biophase are equal or at a minimum value. Hence, presuming i5 values for certain tissues have been established empirically or by some other means one could hope to localize a drug predominantly in one tissue by attempting to match the c5 value of the drug with that of the tissue. The additive-constitutive nature of molar attraction constants F and molar volumes, at least for molec_ules that are not st~m~gly self-associated due to hydrogen bonding or to the1r charge charactenstics 37 -39 , allow this approach to be of some value in drug design. A possible shortcoming to this concept, however, is that c5 values tend to vary over a relatively narrow range ( 4.0 to 23) and as a 500 SOME BIOLOGICAL APPLICATIONS OF REGULAR SOLUTION THEORY consequence discrimination between tissues would most readily be possible if the tissues involved differed greatly in their constitution.
Certainly approaching the study of biological activities by the application of regular solution theory is not above severe criticism, especially if a chemically and biologically rigorous theoretical framework is desired. In attempting to apply this theory it is perhaps appropriate to take a dual perspective, the choice depending on the use that is to be made of the method. If the intention is to test the approach in terms of rigorous foundations, it would be best to consider only relatively nonpolar substances and their action on the most simple of tissues for which b values may be determined by swelling, vapour pressure, or osmotic pressure measurements. The contribution made by the Flory-Huggins 40 -4 3 size correction, due to the difference in molar volumes of drug and biophase com ponents, might also be determined. This correction could be included in equations 10 and 11 as an additional set of terms given by
From a drug design standpoint, however, a moreflexible yet readily applied procedure is most desirable. In this case the molar volumes and solubility parameters in equations 10, 11 and 12 may be considered tobe adjustable, the separate relationships providing an empirical framework within which to work. This latter view is adopted in this article.
An alternative criticism might take note that Ferguson's development applies only to an equilibrium situation and hence should not be carried over into kinetic situations, e.g., membrane penetration. That this criticism is invalid is easily demonstrated from a consideration of Fick's Law for diffusion through thin membranes, which is the usual model used in biological work. The steady-state rate of penetration (dQ/dt) of a drug through a membrane is most simply represented by the relation
where K is the partition coefficient for distribution of a compound between the membrane and the applied vehicle, D is the effective average diffusivity of the drug in the membrane, M is the effective cross-sectional area through which the diffusion flux passes, and .L\x is the thickness of the membrane. An alternative way of writing equation 13 is dQ = DMaa dt .L\x yb (14) in which aa is the thermodynamic activity of the drug in its vehicle and yb is the effective activity coefficient of the agent in the membrane. Thus, taking the logarithm of an observed penetration constant leads to a modification of equation 10 in which the quantity log (DMj.L\x) is apart of the intercept. Alternatively, since biological activities are usually taken after a ftxed. time interval, they may be taken as analogaus to an instantaneous rate.
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Hence, taking the logarithm of the biological response measure corresponds to log (dQ/dt)r and again equations 10 and 11 are seen to appl~. . . Since, in taking a regular solution theory approach to analyzmg biO~ogtcal data, attention is focused on the activity coefficient y, it is appropnate to ask what the range in activity coefficients might be as it is transferred from one medium to another. What this range could be for biological tissues is as yet an open question, but extremely wide variations in the activity coefficient have been reported by Higuchi 44 for Sarin, a nerve gas, in differing solvents. Table 3 reproduces these values to show the variation that has been observed. 
APPLICATION TO STUDIES OF ERYTHROCYTE HAEMOLYSIS
A simple membrane for which an extensive Iiterature exists and which has been the subject of a recent extrathermodynamic study 45 is the erthrocyte membrane. This system was used by Roth and Seeman Solubility parameters calculated 47 for the compounds compiled by Hansch and Glave 45 when plotted with their haemolytic concentrations as the dependent variable tended to provide curves paralleling the type of equation reported from regression analysis. Figures 1 a and 1 b show this correspondence for substituted benzenes tested against rabbit erythrocyte and et-monoglycerides tested against dove erythrocyte. In some instances, however, as for amides and carbamates tested against bovine erythrocyte (Figure 1 c) , curvature in the solubility parameter plot is noted while the equation involving partition coefficients was reported to be linear. While nothing substantive can be madeoftbis observation, the discrepancy between the two types of correlative approaches might be interpreted as indicating that a distinction between a simple partitioning model and a saturation model could be made using erythrocyte membrane data. As may have been expected, not all the data compiled by Hansch and Glave 45 led to smooth curves when b values were used as a measure of solubility. The reasons for this are not entirely clear, although it should be pointed out that for some sets of data there were uncertainties as to whether good approximations to F and V were used in calculating the b values, while 503 
with other sets it seemed possible to group compounds into subsets based on chemical structure. Of course another possibility is that it is hoping for too much to have regular solution theory apply to all the compounds. Those sets of data which provided smooth curves of a definite quadratic nature were thus selected for regression analysis making use of an orthogonal polynomials routine for the curve fit. Table 4 summarizes the equations that have been derived in this manner 47 .
It will be noted from Table 4 that the signs to the coefficients are reversed in some instances but not in others. This may be recognized to depend on whether the compounds function in a disruptive or a protective manner towards erythrocytes. Since one action is the reverse of the other, the equations rcferring to, say, antihaemolytics should be multiplied through by -1. The parabola is thus defined always to be concave with respect to the x-axis, and the coefficients can then be compared in the same relative manner.
The question now arising is whether the equations represented in Table 4 are best interpreted in terms of a distribution model (equation 10) or a saturation model (equation 11). By equating corresponding terms of equation 10 with the cocfficients of a relationship from Table 4 , making what seemed to be reasonable assumptions for the (5 value of water (c5 = 23 4 and 16 48 • 49 ) and the molar volumes for the compounds in the membrane (taken tobe the same as the pure compound), and solving the simultaneaus equations that were obtained, it was not possible to arrive at a c5 value for the membrane that was positive in sign. It was thus concluded that a distribution model for erythrocyte haemolysis is most probably invalid. The corresponding analysis involving equation 11 was approached in a different manner. Since the equilibrium concentration of drug in the erythrocyte membrane is expected 28 • 29 to be low it was presumed that the term involving Sb in equation 11 could be neglected. Differentiation of equation 11 with respect to the c5 value for drug shows that the maximum haemolytic effect occurs at an optimum solubility parameter value c5opt and this value is the same asthat for the membrane c5n. To determine c5opt from the regression coefficients, it is thus necessary to use the relationship c5opt = bj2c (15) However, from inspection of equation 11 it can be noted that the square root of the regression coefficient ratio ajc should provide an alternative estimate of the c5 value for the membrane (16) Interpretation of the regression coefficients found in Table 4 according to equations 15 and 16 leads to excellent agreement between the calculated values for c5opt and c5n. Membrane apparent solubility parameters appropriate to each data set are listed in Table 4 . These average to 8.08 which should be contrasted with a value of about 10.5 reported 6 • 46 for nerve membrane. It may thus be stated that erythrocyte haemolysis involves a saturation-type process and not a distribution-type process. This conclusion is fully compatible with the saturation-like sigmoid curves frequently observed in plots of percentage haemolysis versus drug concentration, as shown for example by Figure 2 . A similar extension to this type of experiment is not 505 Having found regular solution theory to apply to a number of sturlies of erythrocyte haemolysis, it is pertinent to inquire into the possible reasons for this apparent success. At first sight, the compounds shown in Table 4 would not appear suitable for study by regular solution theory, since they are either ionic or contain a functionality capable of hydrogen bonding. A plausible rationale for the findings takes note of the beha viour of surface active agents at an organic medium-aqueous medium interface. Surface active agents possess a polar or charged moiety attached to an alkyl group and, at an organic-aqueous interface, the polar groups tend to be associated with the aqueous phase while the nonpolar groups tend to be in the organic phase. For erythrocyte haemolysis, the polar components of the compounds found in Table 4 would be associated with the aqueous assay medium while the nonpolar groups would be contained in the lipophilic interior of the membrane. Presuming the haemolytic action of the compounds to be a consequence of disruption of the interior organization of the membrane by the nonpolar Substituent, it would thus be reasonable to expect regular solution theory to be applicable to erythrocyte haemolysis. The polar group no doubt also contributes to disruption of the membrane, but this 506 SOME BIOLOGICAL APPLICA TIONS OF REGULAR SOLUTION THEORY functionality is maintained constant with each series of compounds and whatever contribution made by it relative to the nonpolar fragment may be considered relatively invariant in passing from one compound to another.
CONCLUSIONS
A number of differing types of biological achvihes, such as narcotic potency, enzymatic activities, and protein binding, have been correlated against electronic polarizability 50 -54 or, its magnetic equivalent, diamagnetic susceptibility 55 . It has recently been shown 39 that these electronic indexes can be used to calculate molar attraction constants, and hence 1J values, in a semi-empirical manner for nonpolar and slightly polar molecules. The correlations of biological activity with electronic polarizability may thus be said to have a basis in regular solution theory 10 . Of much more significance, however, is the attempt by Davis 56 to calculate the extrathermodynamic lipophilic parameter n using solubility parameters and molar volumes. An encouraging degree of agreement was obtained between the calculated and observed values, prompting us 57 to seek a correlation between partition coefficients and electronic polarizability. It can be stated that at least for the n-octanol-water distribution system a surprisingly good correlation between partition coefficient and electronic polarizability is found 57 , the correlation extending over 72 compounds. Two lines are found, one for the compounds with electronegative atoms (N, 0) and the other for compounds that are ordinarily considered relatively nonpolar. The two lines suggest two types of partitioning processes which are potentially explicable in terms of molal volume differences for a compound contained in two differing phases 10 . The latter correlation thus suggests that a large proportion of the relationships between biological activities and partition coefficients 1 ·-3 may be profitably reinvestigated in terms appropriate to regular solution theory. The results of our 55 • 57 investigations along these lines will be reported in the near future.
